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Abstract 
The Province of Alberta is the largest CO2 emitter in Canada, with annual emissions close to 250 Mt, of which about 55 Mt CO2 
originate from oil production from oil sands. Geological storage of CO2 has been identified as the major component of the strategy 
for reducing greenhouse gas emissions from oil sands operations, which are located in the Athabasca area close to the shallow 
eastern edge of the Alberta basin. Therefore, CO2 storage in deep Devonian saline aquifers, located westward of the oil sands 
operations, may constitute a solution for storing CO2 from these operations. A regional-scale study of the potential for storing CO2 
in deep Devonian saline aquifers in an area covering ~126,000 km2 has been undertaken with the aim of identifying suitable sites for 
CO2 storage. The Devonian sedimentary succession consists of a succession of stacked sandstone and carbonate saline aquifers 
separated by intervening shaly and evaporitic aquitards and aquicludes.  The approach taken in the study, illustrated in this paper, 
comprises 11 steps, including: 1) Geological mapping of 29 Devonian formations based on information from more than 34,000 
wells; 2) Hydrostratigraphic delineation of the 13 deep saline aquifers identified in this succession; 3) Determination of hydraulic 
continuity between various aquifers, due to depositional or erosional events; 4) Determination of formation water salinity, which 
ranges from less than 4000 mg/L (the limit of protected groundwater in Alberta) to close to 440,000 mg/L; 5) Determination of 
pressures and temperatures in these aquifers, which vary, respectively, between 1 and 30 MPa and between 12 °C and 135 °C; 6) 
Determination of the CO2 phase and density at the top of each aquifer, the latter varying between < 25 kg/m3 where CO2 is in gas 
phase to > 800 kg/m3 where CO2 is in supercritical state; 7) Determination of well-scale porosity distribution in each aquifer, which 
varies between 1% and 40%,, based on well logs in 8305 wells and core analyses in 5242 wells; 8) Determination of the areal 
distribution of CO2 storage capacity in each aquifer, based on aquifer thickness and porosity, and CO2 density; 10) Determination of 
the regions suitable for CO2 storage in each aquifer based on legal and regulatory constraints and protection of hydrocarbon 
resources; 10) Determination of permeability distributions in each aquifer, which varies from < 1 mD to > 10 D, based on 214,194 
core analyses in 5242 wells and 4318 drill stem tests in 3586 wells; and 11) Identification of target areas for CO2 storage based on 
local storage capacity and permeability, both of which have to be high at the local scale.  Eleven prospective areas in 10 deep saline 
aquifers, with a cumulative storage capacity of close to 4 Gt CO2, have been identified as a result of this process of evaluation, 
screening and selection. 
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1. Introduction 
Carbon dioxide capture and storage in geological media is a short-to-medium term technology that can 
reduce significantly atmospheric emission of anthropogenic CO2 and that has already been demonstrated 
on a large scale at a few projects around the world.  Deep saline aquifers most likely have the largest 
storage capacity among the geological media under consideration [1]. However, compared with oil and 
gas reservoirs, deep saline aquifers are less-well known and have received less attention in terms of their 
properties because of the lack of economic interest in the past. Thus, characterization of deep saline 
aquifers on a regional scale becomes an important objective in today’s government’s and industry’s 
search for suitable sites for CO2 storage. 
The Province of Alberta is the largest CO2 emitter in Canada, with annual emissions close to 250 Mt, 
of which about 55 Mt CO2 originate from oil production from oil sands. Geological storage of CO2 has 
been identified by Alberta’s government as a major component of its strategy for reducing greenhouse gas 
emissions, such that by 2050 this technology should contribute 140 Mt CO2/year in emission reductions, 
which represents 70% of province’s greenhouse gas reduction target. The CCS Development Council has 
identified two main means for CO2 storage in Alberta: storage in oil reservoirs as a result of CO2-EOR, 
and storage in deep saline aquifers. Although the Alberta basin underlying Alberta is very large and 
theoretically has a correspondingly large CO2 storage capacity, in reality its storage capacity may be 
significantly less than originally thought for two reasons: a) the government of Alberta has legislated that 
CO2 storage operations have to be at least 1 km deep [2], and b) the great majority of oil and gas 
reservoirs, still in production, are underlain by deep saline aquifers such that storage of CO2 in these 
aquifers will impact oil and gas production; consequently, these aquifers or portions thereof cannot be 
utilized for CO2 storage in the near term.  
The issue of reducing atmospheric CO2 emissions is particularly important for oil sands producers and 
the provincial and federal governments. There is great pressure to reduce CO2 emissions from oil sands 
operations to levels comparable to that of other oil producing regions in the world, regardless of oil type 
and regardless of production environment. Thus, oil sands producers in the Athabasca area in Alberta (see 
Fig. 1 for location) need to reduce both their current and future CO2 emissions, with CO2 capture and 
storage (CCS) providing the single largest potential for CO2 emissions reduction.  Unfortunately, the 
Athabasca oil sands deposits and corresponding oil sands operations are located in a region where CO2 
storage on site or nearby is not possible because of the shallowness of the basin (less than 1000 m depth; 
see cross-section in Fig.1). Consequently, oil sands operators will have to pipeline captured CO2 a few 
hundred kilometres either to the south close to Edmonton, where it can be stored in the Basal Cambrian 
sandstone aquifer [3, 4], or further south using the Alberta Carbon Trunk Line (ACTL) pipeline [5], or to 
the west of the Athabasca oil sands operations, where there could be significant CO2 storage potential in 
Devonian deep saline aquifers [6]. The methodology used for evaluating the storage capacity and 
identifying potential CO2 storage sites in stacked deep saline aquifers in the Devonian sedimentary 
succession in a region covering 126,000 km2 west of the Athabasca oil sands (Tp. 57-90, Rg. 1 W4M to 
Rg. 14 W5M), and the results of this evaluation are presented in the following. 
2. Geological Setting 
The topography of the ground surface varies from highs greater than 1350 m in the west-southwest to less 
than 250 m along the Athabasca River valley in the northeast, while, as a result of basement tilting to the 
southwest during accretionary events that led to the formation of the Rocky Mountains to the west, the 
crystalline Precambrian basement varies in elevation from slightly more than 100 m in the extreme 
northeast corner of the study area to -2850 m in the southwest corner (Fig. 1).  Wells in Fig. 1 are plotted 
at equal distance for graphic purposes, with the real distance between wells being provided in the figure.  
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Fig. 1 also shows the position of the 1000 m depth isoline that cuts from SW to NE stratigraphically 
deeper into the sedimentary succession until it reaches the Precambrian basement in the NE. 
 
 
Fig. 1. Location of the oil sands deposits in Canada and of the study area (top) and dip cross-section through the sedimentary 
succession showing the position and lithology of the Devonian strata (bottom). 
5096   Stefan Bachu et al. /  Energy Procedia  63 ( 2014 )  5093 – 5102 
Cambrian strata, assessed previously for their CO2 storage potential [3, 4], are present only in the 
southern third of the study area as a result of pre-Devonian erosion. Ordovician and Silurian strata are 
completely absent in the study area due to the same erosional event. As a result, Granite Wash detritus 
and Basal Red Beds are present on top of the Precambrian Basement in the northern two-thirds of the 
study area, the former being derived from the Peace River Arch landmass located in the northwest and the 
latter being derived from the exposed North American proto-craton in the east. Deposition of the 
Devonian strata followed during the passive-margin stage of basin evolution, continuing in the study area 
with deposition of Mississippian and Jurassic strata. The depth to the base of the Devonian strata, varies 
between less than 250 in the northeast to more than 3500 m in the southwest (Figure 1).  In the study area 
the Devonian sedimentary succession consists of sandstones and carbonates, shales, and evaporite 
formations, which constitute respectively aquifers, aquitards and aquicludes.  In the western part of the 
study area the Devonian strata are overlain by Mississippian shales, which constitute an aquitard. Due to 
Pre-Cretaceous erosion during the Laramide orogeny, in the eastern two thirds of the study area the 
Devonian strata subcrop under Cretaceous strata that contain at the base bitumen (oil sands) deposits 
(Figure 1), which also constitute an aquitard because the pore space is saturated with immobile bitumen.   
The 29 distinct Devonian geological units in the study area are penetrated by 34,046 wells, of which 
only 1671 wells reach the Precambrian basement. Because of depositional constraints and erosional 
events, the 13 aquifers in the Devonian sedimentary succession vary in size between ~5,000 km2 (the 
Leduc aquifer, which comprises a string of carbonate reefs) and ~115,000 km2. 
3. Methodology and Results 
An 11-steps based methodology was used in assessing the CO2 storage capacity in the 13 stacked, deep 
saline aquifers of interest, and in identifying prospective areas for CO2 storage. The methodology, 
following the flowchart shown in Fig. 2, is described below and is illustrated at relevant steps with 
corresponding examples for the Keg River aquifer, the most extensive aquifer in the study area. 
 
Fig. 2. Flowchart of data processing and selection of prospective CO2 storage sites in deep saline aquifers. 
1. Geological mapping of the 29 Devonian formations in the sedimentary succession. The depth to these 
formations varies in the study area from zero in the case of units that crop out in the northeast along 
the banks of the Athabasca River, to ~3,400 m in the southwest. The thickness of these geological 
units varies from zero to close to 400 m, with average thickness varying between 7 m and 240 m. 
2. Hydrostratigraphic delineation of the 13 deep saline aquifers identified in this succession, which 
themselves vary in depth between zero and 3,400 m, and in average thickness between 13 m and 
182 m. Seven of the 13 aquifers in the Devonian sedimentary succession subcrop at the Sub-
Cretaceous Unconformity, mostly under oil sands deposits.  
3. Determination of the well-scale porosity distribution in each aquifer, based on well logs in 8,305 
wells and core analyses in 5,242 wells. Well-scale porosity varies between 1 % and 37.4 % in the two 
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sandstone aquifers (Granite Wash and Gilwood), and between 1% and 40 % in the 11 carbonate 
aquifers, with aquifer averages varying between ~4% and ~15%.  For illustration, Fig. 3 shows the 
depth to, structure top elevation, thickness and porosity of the Keg River aquifer. 
 
Fig. 3.Geological characteristics of the Keg River aquifer: a) depth to top; b) top structure elevation, c) isopach, and  
d) porosity distribution. 
4. Determination of hydraulic continuity between various aquifers, due to depositional or erosional 
controls. Hydraulic communication has been identified between 3 aquifers that were deposited 
against the Peace River landmass in the western part of the study area, between two other aquifers in 
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the east in the area of subcrop at the Sub-Cretaceous Unconformity, and between carbonate reefs and 
the carbonate platforms on which they grew. 
5. Determination of formation water salinity (based on 2,071 water analyses in 1,702 wells), which 
ranges from less than 4000 mg/L (the limit of protected groundwater in Alberta) in areas of subcrop 
at shallow depths, to close to 440,000 mg/L in the Keg River aquifer which is overlain by halite beds. 
Due to the salinity of formation waters, hydraulic gradients in the 13 aquifers vary between 
10.1 kPa/m for the least saline aquifer and 12.0 kPa/m for the most saline aquifer. 
6. Determination of the current pressure and temperature regimes in these deep saline aquifers based on 
2,538 drillstem tests in 2,018 wells, on the current pressures in oil and gas pools affected by 
production from 1236 hydrocarbon reservoirs in these strata, and on hydraulic gradients. Current 
pressures vary between less than 1 MPa in the shallower parts of the aquifers at the top of the 
Devonian succession, and close to 30 MPa in the deepest part of the aquifers at the base of the 
succession. Similarly, the temperature distribution at the top of each aquifer in the succession varies 
between 12 °C in the shallowest part of these aquifers and 135 °C in the deepest part. 
7. Transformation of the geological space into the CO2 space [7] by determining the CO2 phase and 
density calculated according to [8] at the top of each aquifer based on the current pressure and 
temperature distributions. Depending on areal extent and pressures and temperatures, CO2 in some 
aquifers is supercritical only, in other aquifers CO2 is supercritical and gaseous only, yet in the Keg 
River aquifer CO2 transitions from supercritical in the deepest part of the aquifer to liquid and then to 
gas in the shallowest part of the aquifer. Carbon dioxide density varies from less than 20 kg/m3 in the 
northeast at the top of the succession where CO2 is in gas phase, to more than 800 kg/m3 in the 
deepest parts of aquifers at the base of the succession where CO2 is in supercritical state. The 
variation in CO2 density is smooth when CO2 transitions from supercritical to gas or liquid phase, but 
is very abrupt (from ~800 kg/m3 to 150 kg/m3) when it transitions from liquid to gas across the 
vaporization line, as in the case of the Keg River aquifer and two others. For illustration, Fig. 4 
shows the pressure and temperature distributions at the top of the Keg River aquifer, and the 
corresponding CO2 phase and density at the top of this aquifer. 
8. Determination of the areal distribution of CO2 storage capacity in each aquifer, based on aquifer 
thickness and porosity, and CO2 density.  Storage capacity varies between 15 kt CO2/km2 in the Keg 
River aquifer in the extreme northeast of the study area, due to the very low CO2 density, and ~390 kt 
CO2/km2 in the very thick reefs of the Leduc aquifer. 
9. Determination of permeability distributions in each aquifer based on 214,194 core analyses in 5,242 
wells and 4,318 drill stem tests in 3,586 wells. Measured permeability in these aquifers varies from 
less than 0.01 mD to more than 30 D, with aquifer averages varying between a few mD and close to 
200 mD in the dolomitized reefs of the Leduc aquifer. High permeability is found generally in 
subcrop areas, due to weathering prior to deposition of the Cretaceous strata, and locally in karstic 
and reefal carbonates, but also in oil and gas reservoirs regardless of location and depth, likely due to 
a lack of cementation. 
10. Determination of whole-aquifer CO2 storage capacity and of the regions suitable for CO2 storage in 
each aquifer.  Aquifer CO2 storage capacity was estimated with a P50 confidence using the 
volumetric relationship: 
M = E × h ĳ ȡ dxdy 
where h and ĳ are aquifer thickness and porosity, ȡ is CO2 density, integrated over aquifer area, M is 
CO2 storage capacity and E is CO2 storage efficiency coefficient, whose values for P50 are 2.4% for 
sandstone aquifers, 2.7% for dolomite aquifers and 2% for limestone aquifers [9].  
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Fig. 4. Physical characteristics of the Keg River aquifer and of CO2 at the top of this aquifer: a) pressure; b) temperature,  
c) CO2 phase, and d) CO2 density. Note the sharp change in CO2 density in the northeast across the vaporization line where CO2 
changes phase from liquid to gas. 
The CO2 storage capacity in each aquifer was then successively reduced from whole aquifer to the 
storage capacity in areas unrestricted by legal, regulatory and other constraints (see Fig. 2) based on 
the following criteria: a) depth greater than 1000 m as per provincial legislation for CO2 storage [2]; 
b) protection of other resources (oil and gas reservoirs, and bitumen and oil sands deposits within or 
overlying these aquifers), c) porosity greater than 4% to ensure storage capacity; d) CO2 in 
supercritical state (due to the interplay between geothermal and pressure gradients, the critical point 
for CO2 is reached at depths greater than 1000 m). Although there is no particular reason to exclude 
5100   Stefan Bachu et al. /  Energy Procedia  63 ( 2014 )  5093 – 5102 
the areas where CO2 would be in gas phase as long as storage capacity, injectivity and containment 
are ensured, the last criterion was used in restricting the aquifer area suitable for CO2 storage because 
of the accepted concept that CO2 should not be in gas phase. In any case, the effect of eliminating 
areas where CO2 would be in gas phase is minor (a cumulative reduction for all aquifers of 1.6%).  
The successive results of this process are shown in Table 1. Note that there are no prospective CO2 
storage areas in the Moberly, Calumet and Swan Hills aquifers due to their low permeability. 
Table 1: CO2storage capacity in the Devonian deep saline aquifers in the Athabasca study area calculated at various stages in the 
screening and evaluation process. 
Aquifer Area 
(km2) 
CO2 Storage Capacity (Mt) 
Whole 
Aquifer 
At Depth 
> 1000 m 
After 
Resource 
Protection 
After 
Porosity 
Cut-off 
After 
CO2 
Phase 
Cut-off 
In  
Prospective
Areas 
Wabamun 64,832 4,330.9 2,601.6 2500.0 1,851.4 1,747.1 499.7 
Blueridge 69,533 1,657.1 1,260.7 1,260.7 1064.4 1.040.3 397.2 
Nisku 75,460 3,130.9 2,275.1 2,274.8 2,217.3 2,115.6 200.5 
Grosmont 48,102 1,721.1 366.2 366.2 352.0 303.4 115.2 
Leduc 5,115 434.0 299.7 287.6 287.6 277.8 263.4 
Cooking 
Lake 
12,903 579.7 488.2 487.3 487.3 475.8 406.0 
Moberly 105,510 4,629.3 3,279.6 3,279.6 3,197.7 3,197.7 0.0 
Calumet 101,524 1,946.1 1,431.0 1,431.0 1,379.4 1,364.3 0.0 
Slave Point. 10,693 159.4 159.4 145.4 92.6 92.6 13.3 
Swan Hills 7,006 51.8 51.8 34.1 8.5 8.5 0.0 
Gilwood 23,438 488.0 488.0 449.0 448.9 448.9 100.1 
Keg River 114,963 10,734.9 7691.3 7,674.4 7,620.5 7,620.5 1,587.1 
Granite Wash 16,368 533.3 533.3 512.3 504.3 504.3 150.4 
Total  30,396.5 20,925.8 20,702.4 19,511.9 19,196.1 3,732.9 
 
11. In the last step, prospective sites for CO2 storage were identified based on local storage capacity and 
permeability (which affects injectivity), both of which have to be high at the local scale.  Based on 
these criteria, 10 regions deeper than 1000 m were identified in 10 aquifers, with storage capacity 
varying between 13.3 Mt CO2 in the Slave Point aquifer to 1,587 Mt CO2 in the Keg River aquifer, 
for a total of ~3,733 Mt CO2 (Table 1).  
For illustration, Fig. 5 presents the permeability and storage capacity distributions in the Keg River 
aquifer, which ultimately lead to the identification of the area most prospective for CO2 storage and which 
should be the target for further exploration and local-scale studies to select an actual site for CO2 storage. 
Fig. 6 shows the location of the most prospective CO2 storage areas for all the aquifers in the study area. 
The CO2 storage capacity determined using this volumetric approach represents the ultimate CO2 
resource estimate in these aquifers. It has been argued that maximum allowed bottom hole injection 
pressure (BHIP), system compressibility and the emplacement and density of CO2 injection wells impose 
limitations on CO2 storage capacity (e.g., [10, 11]) and that the actual, dynamic storage capacity has an 
efficiency coefficient E of no more than 1%. Recent work [12] has shown that CO2 storage capacity in 
open systems, like the aquifers assessed in this study, has a time dependency and that indeed on an 
engineering time scale (i.e., the life time of a CO2 storage project), the storage efficiency coefficient E is 
lower, and increases asymptotically in time as more projects and injection wells come on stream to 
efficiently utilize the entire CO2 storage resource.  According to this time-dependence of the storage 
efficiency coefficient E, the operators of oil sands plants in the Athabasca area in Alberta would start 
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initially with a CO2 storage capacity in the prospective areas in the order of ~1000 Mt that will grow in 
time towards 3,700 Mt. This storage capacity is greater by a factor varying between 2.5 and 10 than the 
CO2 storage capacity in oil and gas reservoirs, including incidental storage in CO2-EOR operations, in the 
same Devonian strata [13]. 
 
Fig.5. Characteristics of the Keg River aquifer relevant for CO2 storage: a) permeability distribution; and b) storage capacity.  
 
Fig.6. Prospective CO2 storage areas in deep saline aquifers in the Devonian sedimentary succession in the Athabasca area, Canada.  
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4. Conclusions 
Estimation of the CO2 storage resource (capacity) on a regional scale using proper methodology is 
essential in 1) providing industry and policy makers with adequate information regarding the potential for 
geological storage of anthropogenic CO2 emissions, and 2) identification of prospective areas that should 
be the objective of further exploration and characterization for selection of specific sites for CO2 storage. 
This is particularly important for operators of oil sands plants in northeastern Alberta, Canada, whose 
emissions today are in the order of 55 Mt CO2eq/year. An 11-steps methodology for estimating the CO2 
storage capacity in deep saline aquifers has been presented, methodology that is based on the geology, 
rock characteristics and salinity, pressure and temperature regimes in these aquifers. This methodology 
has been applied to 13 stacked, deep Devonian saline aquifers in the Athabasca area. Using this 
methodology, and applying several screening criteria, such as legal and regulatory requirements, 
protection of hydrocarbon resources, and CO2 storage capacity and injection potential, 10 prospective 
areas have been identified in 10 of the 13 deep saline aquifers, with an estimated ultimate CO2 storage 
resource of >3,700 Mt CO2. Realization of this resource will depend on engineering and economic factors 
such as pipelines to bring CO2 from emission sources in the east to storage areas in the west, number, type 
and placement of CO2 injection wells, and other socio-economic factors. 
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